Introduction {#S0001}
============

Breast cancer is the second most common tumors usually diagnosed in more and less developed regions, ranking as the fifth cause of cancer-related death. As so far, surgery combined with chemotherapy is still the preferable therapeutic plans for breast cancer treatment.[@CIT0001],[@CIT0002] Like the extensive research on finding more proteins for more accurate judgment about the breast cancer stage, increasing groups move to focus on finding the metastatic makers because the metastasis accounts for the overwhelming cause of death in patients with solid tumors.[@CIT0003] Although the detection of breast cancer metastasis at the earliest stage is extremely important for its management and prognosis, our understanding of its molecular and cellular determinants is still limited. Thus, urgent identification more and better new predictors to assess the ability of metastasis can help us to develop a more accurate prognosis and suitable treatment for breast cancer.

NRF3, which is also named NFE2L3, was first identified as a basic-region leucine zipper family of transcription factors over 10 years ago.[@CIT0004] NRF3 belongs to the [C]{.ul}ap "[n]{.ul}" [C]{.ul}ollar (CNC) proteins family, which include NFE2L1 (NRF1, Nuclear Factor, Erythroid 2 Like 1),[@CIT0005] NFE2L2 (NRF2, Nuclear Factor, Erythroid 2 Like 2),[@CIT0006] NFE2L3 (NRF3,Nuclear Factor, Erythroid 2 Like 3), as well as the distantly related BACH1 (BTB Domain And CNC Homolog 1) and BACH2 (BTB Domain And CNC Homolog 2) proteins.[@CIT0007] As a most recently identified member of this family, only extremely limited information for NRF3 was published to date. Previous studies showed NRF3 played an important role in placental development by regulating gene expression as a transcription factor.[@CIT0008],[@CIT0009] Different from the other members of this family extensively studied in multiple cancer types,[@CIT0010],[@CIT0011] NRF3 was only reported to exert a protective role against lymphomagenesis.[@CIT0012] More recently, researchers found NRF3 could translocate into nucleus and activate the gene expression of UHMK1 (the cell cycle regulator U2AF homology motif kinase 1) for controlling cell proliferation, and could also be degraded by β-TRCP (Beta-Transducin Repeat Containing E3 Ubiquitin Protein Ligase), an adaptor for the Skp1-Cul1-F-box protein (SCF) ubiquitin ligase.[@CIT0013] However, the biological functions and the underlying mechanisms of NRF3 in breast cancer are still remained to be established.

In this study, we found that NRF3 expression was suppressed in breast cancerous specimens compared with paracancerous tissues. The expression of NRF3 in breast cancer cell was negatively associated with cell proliferation. Moreover, our results also showed the migration and invasion ability of breast cancer cells were decreased responding to NRF3 overexpression by inhibiting EMT process and the expression of MMPs, which indicated NRF3 possessed a negative role on breast cancer metastasis. The repression of AKT/ID3 axis was found to might account for the antitumor functions of NRF3 in human breast cancer cells. Finally, the NRF3 expression level was negatively associated with the metastasis statue of the breast cancer cells in lymph nodes and positively related to the survival period of breast cancer patients.

Methods and material {#S0002}
====================

Cell culture {#S0002-S2001}
------------

The breast cancer cell lines MCF7, MDA-MB-231, and SKBR3 cells were purchased from ATCC (Manassas, VA, USA). All cells were grown in Dulbecco's Modified Eagle's medium (DMEM; Gibco, Life Technologies Corp., Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, GE Healthcare Life Sciences), 2mM L-glutamine (Gibco), 1% penicillin (100 units/ml) and streptomycin (100 μg/mL) (Gibco) and incubated at 37°C, 5% CO~2~ in a humidified incubator and passaged at ≥80% confluence by trypsin (Gibco).

Immunohistochemistry (IHC) {#S0002-S2002}
--------------------------

The breast cancer tissues and the adjacent cancer tissues were harvested at the Central Hospital of Taizhou City when surgery for patients diagnosed with breast cancer and fixed in buffered 10% formalin, transferred to 70% ethanol, embedded in paraffin, sectioned into 5 μm sections and kept in −80℃. All patients provided written informed consent for the use of these clinical materials in research, and the project was approved by the Institutional Ethics Committee of the Central Hospital of Taizhou City and was conducted in accordance with the Declaration of Helsinki. Rabbit polyclonal antibody for NRF3 (HPA05588) was purchased from Sigma--Aldrich Company (Merck KGaA). IHC assay was performed as previously described.[@CIT0014] Stained tissues were imaged with an Olympus microscope.

Western blot {#S0002-S2003}
------------

Cultured cells were lysed in RIPA buffer containing 50 mM Tris-HCl at pH 8.0, 150 mM sodium chloride, 2 mM EDTA at pH 8.0, 0.1% Triton-X 100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1% protease inhibitor (Sigma). Keep the supernatant after centrifugation at high speed and prepare the cell lyase with 2X SDS loading buffer. Gel electrophoresis was performed on an acrylamide gel and proteins were transferred onto a PVDF membrane (Bio-rad).

Antibodies for immunoblotting included anti-Vimentin (CST, 5741), anti-N-cadherin(CST, 13116), anti-E-cadherin (CST, 3195), anti-MMP-2 (CST, 40994), anti-MMP-9 (CST, 13667), anti-TIMP-1 (CST, 8946), anti-TIMP-2 (CST, 5738), anti-AKT (CST, 4691), anti-p-AKT (S473) (CST, 4060), anti-NF-κB p65 (CST, 8242), anti-p- NF-κB p65 (S536) (CST, 3033) and anti-ID3 (CST, 9837) diluted 1:1000, anti-β-actin (Sigma, A8481) diluted 1:5000. Protein bands were detected with an ECL chemiluminescence reaction kit (Thermo Scientific).

NRF3 knockdown and overexpression {#S0002-S2004}
---------------------------------

The sequences for small interfering RNA (siRNA) against NRF3 were purchased from Genepharma (Shanghai, China) are 5ʹ-GCACGAAGCUGUGGAUAUTT-3ʹ (si-NRF3-1), 5ʹ-CCGCGUAGACCUAGAUCUUTT-3ʹ (si-NRF3-2) and 5ʹ-GAACU CACUUCAGCAGAAUTT-3ʹ (si-NRF3-3). The coding sequence of human NRF3 mRNA and ID3 mRNA were synthesized and subcloned into the pcDNA3.1 vector to construct the overexpression plasmids. The integrity of the respective plasmid constructs was confirmed by DNA sequencing. After cells were seeded in six well plates for overnight, 2 μg overexpression plasmid or empty vector was transfected with Lipofectamine 3000 (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Western blot was used to validate the expression efficiency after cells were transfected for 24 hrs.

RNA sequencing {#S0002-S2005}
--------------

The mRNA expression profiling in NRF3 overexpressing MDA-MB-231 cells was analyzed using RNA sequencing. Total RNA was extracted from MDA-MB-231 cells transfected with pcDNA3.1 or NRF3 overexpression vector using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. After the RNA purification, the remained RNAs were fragmented using Ambion Fragmentation Solution (Thermo Fisher Scientific, USA). Then, the mRNA fragments were used to synthesize cDNAs, followed by end repairing and adenine connection. RNA sequence analysis was performed by the HiSeq. 2000 sequencer (Illumina, USA). Three independent RNA samples for each cell were analyzed.

Cell proliferation assay {#S0002-S2006}
------------------------

Cells were seeded in 96-well plate and incubated for the indicated time. After treatment, cells were incubated with 50 mL of 1 mg/mL 3-(4,5-dimethylthiazol-2-yl) −2,5- diphenyltetrazolium bromide (MTT, Sigma--Aldrich Chemical) in phosphate-buffered saline (PBS) for 3 hrs according to manufacturer's instructions. The purple formazan was then solubilized by DMSO and absorbance at 570 nm was read by a microplate reader (Molecular Devices, Sunnyvale, CA).

Cell cycle analysis by flow cytometry {#S0002-S2007}
-------------------------------------

3×10^5^ cells were transferred into a 6 cm dish and subjected to cell cycle arrest by incubating with 0.1% FBS for 24 hrs. Next, the synchronized cells were transfected relative siRNAs according to standard protocol. They were then released from arrest by replacing the medium with fresh DMEM +10% FBS. Cells were harvested after 24 hrs later, washed with PBS and fixed in 75% ethanol at −20°C. The fixed cells were washed with PBS, incubated for 30 mins at 37°C with RNase A (100 ug/mL) and 0.1% TritonX-100, stained with propidium iodide (30 μg/mL), and analyzed by flow cytometry (FACS Calibur, BD Biosciences). The percentages of cells at G1, S, and G2/M were calculated by the FlowJo software program (Flowjo, LLC) based on the DNA content.

Colony formation assay {#S0002-S2008}
----------------------

The colony formation assay was performed according to a previously established protocol.[@CIT0015] Briefly, the six-well plate placed 800 breast cancer cells transiently overexpressed NRF3 per well. The cells were washed with PBS buffer after 14 days of culture, and the colonies were fixed with methanol and stained with crystal violet solution and the number of colonies (\>50 cells) was counted.

Cell migration and invasion assays {#S0002-S2009}
----------------------------------

The migration and invasion assays were performed as previously described.[@CIT0016] Briefly, Chambers (8 μm pore, BD Falcon, BD Biosciences) with or without matrigel (BD Biosciences) were used to investigate invasion and migration, respectively. After treatment, 3×10^4^ cells in 100 μL serum-free medium were placed into the chambers without matrigel for migration assay. For invasion assay, 5×10^4^ cells in 100 μL serum-free medium were placed into chambers which were coated with matrigel. And then these chambers were put in 24-well plates filled with 600 μL medium containing 20% FBS as an attractant. After incubation for 24 hrs, cells in the upper sides were removed and the migrated or invaded cells on the underside of the membrane were fixed with iced methanol and stained with 0.1% crystal violet for 30 min at 37°C and then washed twice with PBS. Stained cells were counted in three independent areas under microscope.

Quantitative RT-PCR analysis {#S0002-S2010}
----------------------------

Total RNA was extracted by lysing cells with TRizol reagent (Invitrogen, Carlsbad, CA). Total RNA was used to synthesize the first strand cDNA by M-MLV reverse transcriptase (Promega, Madison, WI). Real-time PCR amplification was performed in the ABI 7300 Real-Time PCR system (Applied Bioscience, Foster City, CA) according to the manufacturer's procedure for relative quantification. The amplification reactions were carried out with 2X Power SYBR Green PCR Master Mix (Applied Biosystems). The standard temperature profile included initial denaturing at 95°C for 10 mins, followed by 40 cycles of denaturing at 95°C for 15 s, annealing and extension at 60°C for 1 min. A DNA dissociation curve was generated to confirm the specificity of amplification. Relative Standard Curve Method (2^--ΔΔCt^) was used to determine the relative mRNA expression using β-actin as a control. The sequences for all primers used in the present study are listed in [Table 1](#T0001){ref-type="table"}.Table 1The sequences for the primers used in the qRT-PCR assayGeneSequencesLGALS3BPForward: 5ʹ-CTATCAGTCCAGACGGGGG-3'Reverse: 5ʹ-GGCTTTGTTTTCGTAGGCAA-3ʹANXA2Forward: 5ʹ- GGCAAAGGGTAGAAGAGC-3'Reverse: 5ʹ-ATCAGCAAAATACAGGGG-3'EIF4A1Forward:5ʹ-CTATGTGACTTGTATGAAACCC-3'Reverse: 5ʹ-GATGACTAAAGAAACCTGCTG-3'ALDOAForward: 5ʹ-ACATCGCTCACCGCATCG-3'Reverse: 5ʹ-CGCCTTCTGGTAGAGTGTCTCA-3'ID3Forward: 5ʹ-GGCTGCTACGAGGCGGTG-3'Reverse: 5ʹ-TGGATGGGAAGGTGGGGGC-3'RPL18Forward: 5ʹ-ATGGGAGTGGACATCCGCCATAACA-3'Reverse: 5ʹ-TGTTATGGCGGATGTCCACTCCCAT-3'RAB5AForward: 5ʹ-ACATTGTAATAGCTTTATCGG-3'Reverse: 5ʹ-GGTTGGTTGTGTGGGTTC-3'KRT18Forward: 5ʹ-CACCTTCTCCACCAACTACCG-3'Reverse: 5ʹ-ATGCCTCCCATTCCTGCC-3'SERPINH1Forward: 5ʹ-AGATGCAGAAGAAGGCTGTTGC-3'Reverse 5ʹ-GGGGTGGTCGGCGTAGAA-3'SSR1Forward: 5ʹ-TTCACCGAGTGCAGATAC-3'Reverse 5ʹ-AGATTGATGACCAAACCA-3'β-actinForward: 5ʹ-AGCACAGAGCCTCGCCTT TGC-3'Reverse 5ʹ-CTGTAGCCGCGCTCGGTGAG-3'[^1]

Statistical analysis {#S0002-S2011}
--------------------

Comparisons were performed by two-tailed unpaired Student's *t*-test . A *p*-value ≤0.05 was considered statistically significant. Statistical significance was classified as: \*. *p*≤0.05. Survival curves based on the Kaplan--Meier method were compared using a log-rank test. The correlation between NRF3 expression and clinicopathological features was evaluated by the chi-square test. The software used to perform these analyses was SPSS version 18 (SPSS; Chicago, IL).

Ethics approval and informed consent {#S0003}
====================================

All procedures performed in studies involving human participants were in accordance with the ethical standards of the Institutional Ethics Committee of the Taizhou Central Hospital (Zhejiang, China) and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all individual participants included in the study.

Results {#S0004}
=======

NRF3 expression is suppressed in high malignant breast cancer cell lines, and its silence promotes cell proliferation {#S0004-S2001}
---------------------------------------------------------------------------------------------------------------------

We first measured the NRF3 expression levels in three human breast cancer cell lines including MCF-7, MDA-MB-231, and SKBR3 using western blotting. As shown in [Figure 1A](#F0001){ref-type="fig"}, NRF3 was expressed in MCF-7 cells with the highest level and expressed in SKBR3 cells with the lowest level among them. As we knew, MCF-7 is a less malignant breast cancer cell line compared with MDA-MB-231 and SKBR3 cells, especially in migration and invasion capabilities. Our data suggest that NRF3 might act as a tumor suppressor in breast cancer cells.Figure 1NRF3 is suppressed in high malignant breast cancer cells and inhibits cell proliferation. (**A**) Western blot was performed to detect the expression of NRF3 in breast cancer cell line MCF-7, MDA-MB-231, and SKBR3 (top panel). β-actin was used as loading control. The quantification of NRF3 protein level for the above three different breast cancer cell lines (bottom panel). Error bar indicated SD (\*\**P*\<0.01). (**B**) Western blot was performed to detect the knock-down efficiency of NRF3 in MCF-7 cell line by three different siRNA (top panel). β-actin was used as loading control. The quantification of NRF3 protein level (bottom panel) for western blot. Error bar indicated SD (\*\**P*\<0.01). (**C**) MTT assay to evaluate the proliferation difference between breast cell lines with NC siRNA (blue), siNRF3-1 (green), and siNRF3-3 (red). Error bar indicated SD (\*\**P*\<0.01). (**D**) flow cytometry analysis (left panel) of the cell cycle with NRF3 knock-down or not. The quantification of the cell cycle distribution (right panel) in the G0/G1 phase, S phase and G2/M phase. Error bar indicated SD (\**P*\<0.05 and \*\**P*\<0.01). Three independent experiments were performed for all assays.**Abbreviations:** NRF3, Nuclear Factor, Erythroid 2 Like 3; NC, negative control.

Next, siRNA was used to knock down the NRF3 expression in MCF-7 cells to define its biological functions especially in cell proliferation. All three siRNAs (1--3) could effectively impair the NRF3 expression in MCF-7 cells ([Figure 1B](#F0001){ref-type="fig"}). The most effective siRNA-1 and 3 were chosen to perform the MTT assay to determine the influence of NRF3 silence on cell proliferation. As shown in [Figure 1C](#F0001){ref-type="fig"}, both siRNA-1and 3 significantly enhanced the cell proliferation of MCF-7 cells compared to the cells transfected with a negative control siRNA. Finally, the data from flow cytometry assay indicated that NRF3 silence significantly increased the percentage of cell number in S and G2/M phase, while decreased the percentage of cell number in G0/G1 phase ([Figure 1D](#F0001){ref-type="fig"}).

Exogenous expression of NRF3 significantly inhibits migration ability and cell proliferation of human breast cancer cells {#S0004-S2002}
-------------------------------------------------------------------------------------------------------------------------

To further confirm the biological functions of NRF3 in human breast cancer, NRF3 overexpression plasmid was constructed and introduced into SKBR3 and MDA-MB-231 cells. The expression efficiency of the overexpression plasmid was validated by western blot assay. As shown in [Figure 2A](#F0002){ref-type="fig"}, NRF3 levels were effectively upregulated in both SKBR3 and MDA-MB-231 cells after transfecting the overexpression plasmid. The colony formation experiment was performed to determine the cell growth ability of the breast cancer cells with NRF3 overexpression. Our data revealed that the exogenous expression of NRF3 effectively inhibited the colony forming ability of both cell lines especially in MDA-MB-231 cells ([Figure 2B](#F0002){ref-type="fig"}). In contrast to the positive role of NRF3 silence on proliferation in MCF-7 cells, NRF3 overexpression significantly impaired the cell proliferation of MDA-MB-231 cells ([Figure 2C](#F0002){ref-type="fig"}). More interestingly, upregulation of NRF3 in both two breast cancer cell lines significantly inhibited their migration ability ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}).Figure 2Ectopic expression of NRF3 suppresses breast cancer cell proliferation and migration. (**A**) Western blot was performed to determine the overexpression of NRF3 in SKBR3 and MDA-MB-231 cells by transfected ectopic NRF3-expressed plasmids. β-actin was used as loading control. (**B**) Colony form assay for SKBR3 and MDA-MB-231 cells transfected with NRF3-overexpressed plasmids or empty vector as 800 cells per well. The colonies were stained with crystal violet solution. (**C**) MTT assay was performed to evaluate the proliferation variation between MDA-MB-231 cells transfected with empty vector (blue) and NRF3-expressed plasmid (red). Error bar indicated SD (\*\**P*\<0.01). (**D**) Cell migration assay was performed to detect the migration ability of SKBR3 and MDA-MB-231 cells with NRF3-overexpressed plasmids or empty vector by transwell. The cells were stained with crystal violet solution (left and middle panels). The quantification of the cell number migrated per view at 24 hours after transfected (right panel). pcDNA3.1 was used as negative control. Error bar indicated SD (\*\**P*\<0.01). Three independent experiments were performed for all assays.**Abbreviations:** NRF3, Nuclear Factor, Erythroid 2 Like 3.

Exogenous expression of NRF3 significantly impairs invasion potential of human breast cancer cells by inhibiting EMT and suppressing MMP2 expression {#S0004-S2003}
----------------------------------------------------------------------------------------------------------------------------------------------------

Next, the invasion capability of both SKBR3 and MDA-MB-231 cells with NRF3 overexpression was determined using the transwell assay. As expected, NRF3 overexpression could also significantly repress the invasion potential of both two cell lines ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). As the EMT is the critical initial step for cancer cell migration,[@CIT0017] western blot assay was performed to confirm whether NRF3 could influence the EMT process. As shown in [Figure 3C](#F0003){ref-type="fig"}, exogenous expression of NRF3 could effectively upregulate the expression of E-cadherin, while downregulate the expression of N-cadherin and Vimentin. Furthermore, the degradation of extracellular matrix (ECM) is also an essential process for cancer cell invasion.[@CIT0018] Therefore, we also detected the expression patterns of MMPs and TRIMs under the NRF3 overexpression. As shown in [Figure 3D](#F0003){ref-type="fig"}, high level of NRF3 indeed effectively downregulated the expression of MMP-2 and MMP-9, while upregulated the expression of TIMP-2 with no obvious change on TIMP-1.Figure 3NRF3 is required to suppress breast cancer cell invasion related to EMT and MMPs. (**A** and **B**) Cell invasion assays were performed to detect the invasion potential of SKBR3 and MDA-MB-231 cells with NRF3-overexpressed plasmids or empty vector by transwell coated with matrigel. Representative images at 40× (left panel), total view for whole well (right panel) and the quantification for cell number invaded per view (**B**). Error bar indicated SD (\*\**P*\<0.01). (**C**) Western blot was performed to detect the expression of E-cadherin, N-cadherin, and Vimentin protein levels in MDA-MB-231 cells over-expressed with NRF3 or not (left panel). β-actin was as a loading control. The quantification for NRF3 (pink), Viamentin (green), N-cadherin (blue), and E-cadherin (red) protein levels according to western blotting. pcDNA3.1 was used as negative control. Error bar indicated SD (\*\**P*\<0.01). (**D**) Western blot was performed to detect the expression of MMP-2, MMP-9, TIMP-1, and TIMP-2 protein levels in MDA-MB-231 cells overexpressed with NRF3 or not (left panel). β-actin was used as loading control. The quantification for MMP-2 (pink), MMP-9 (green), TIMP-1 (blue), and TIMP-2 (red) protein levels according to western blotting. pcDNA3.1 as a negative control. Error bar indicated SD (\**P*\<0.05 and \*\**P*\<0.01). Three independent experiments were performed for all assays.**Abbreviations:** NRF3, Nuclear Factor, Erythroid 2 Like 3; EMT, epithelial--mesenchymal transition; MMP, matrix metallopeptidase; TIMP, TIMP metallopeptidase inhibitor.

AKT/ID3 axis might account for the anti-metastasis function of NRF3 in human breast cancer cells {#S0004-S2004}
------------------------------------------------------------------------------------------------

Subsequent to the phenotype experiments, high throughput sequencing was performed to compare the mRNA expression profiling between MDA-MB-231 cells transfected with pcDNA3.1 vector and NRF3 overexpression plasmid. As shown in [Figure 4A](#F0004){ref-type="fig"}, ten most downregulated genes under NRF3 overexpression were listed. qPCR experiment was then performed to validate the data of sequencing and indicated that the expression of ANXA2, ALDOA, and ID3 were indeed suppressed by exogenous NRF3, while the expression of KRT18 and SERPINH1 was upregulated which was inconsistent with the sequencing results ([Figure 4B](#F0004){ref-type="fig"}). Previous research has reported ID3 played a critical role in mediating the lung metastasis of breast cancer cell.[@CIT0019] Therefore, ID3 protein expression in NRF3 overexpressed MDA-MB-231 cells was detected using western blot assay. As shown in [Figure 4C](#F0004){ref-type="fig"}, exogenously expressed NRF3 could effectively impair the ID3 expression. We also observed that the AKT signaling pathway, an upstream regulator of ID3, was inactivated, which was also supported that the phosphorylation of NF-κB p65 was repressed ([Figure 4C](#F0004){ref-type="fig"}).Figure 4NRF3 impairs breast cancer cell invasion through the AKT/ID3 axis. (**A**) .The most ten downregulated genes under NRF3 overexpression obtained from the data of RNA seq, relative expression level, normalized by log10 (FPKM). (**B**) qRT-PCR was used to validate the RNA seq data, relative expression level, normalized by GADPH. (**C**) Western blot for ID3, AKT, *p*-AKT, NF-κB p65, and *p*-NF-κB p65 protein levels in MDA-MB-231 cells overexpressed with NRF3 or not. β-actin was as a loading control. (**D**) Western blot (left panel) for ID3, AKT and *p*-AKT protein levels in MDA-MB-231 cells treated with LY294002 or not. β-actin was as a loading control. (**E**) Western blot for ID3, E-cadherin and MMP-2 protein levels in MDA-MB-231 cells over-expressed with ID3 or not. β-actin was used as a loading control. (**F**) Cell invasion assays for MDA-MB-231 cells with overexpressed NRF3, ID3 alone or in combination by transwell with matrigel. Representative images at 40× (left panel), total view for whole well (middle panel) and the quantification for cell number invaded per view (right panel). Error bar indicated SD (\**P*\<0.05 and \*\**P*\<0.01). Three independent experiments were performed for all assays.**Abbreviations:** NRF3, nuclear factor, Erythroid 2 Like 3; AKT, AKT serine/threonine Kinase; ID3, inhibitor of DNA binding 3; FPKM, Reads Per Kilobase of exon model per Million mapped reads; MMP, matrix metallopeptidase; TIMP, TIMP metallopeptidase inhibitor.

To further confirm AKT signaling pathway indeed involved in ID3 expression in MDA-MB-231 cells, an AKT signaling pathway antagonist, LY294002, was used to treat the MDA-MB-231 cells and the phosphorylation of AKT and ID3 expression were detected by western blot assay. As shown in [Figure 4D](#F0004){ref-type="fig"}, LY294002 not only effectively inhibited the phosphorylation of AKT, but also downregulated the expression of ID3 in MDA-MB-231 cells. Subsequently, the overexpression plasmid of ID3 was constructed and subjected to MDA-MB-231 cells to evaluate its role in breast cancer cell metastasis. As shown in [Figure 4E](#F0004){ref-type="fig"}, ID3 was successfully high expressed by its overexpression plasmid, while exogenous expression of ID3 effectively downregulated the expression of E-cadherin and upregulated the expression of MMP-2. However, we did not observe the obvious change in the expression of N-cadherin, Vimentin, MMP-9, TIMP-1, and TIMP-2 (data not shown). Finally and as expected, exogenous expression of ID3 not only excited the invasion potential of MDA-MB-231 cells, but also attenuated the inhibitory effect of NRF3 on the cell invasion ([Figure 4F](#F0004){ref-type="fig"}).

NRF3 is suppressed in breast cancer specimens and positively related to the survival of breast cancer patients {#S0004-S2005}
--------------------------------------------------------------------------------------------------------------

Considering that NRF3 protein expression was predicted to be downregulated in breast cancer tissue according to The Human Protein Atlas (<http://www.proteinatlas.org/>, and data not shown), we evaluate the difference of NRF3 expression between breast cancer tissues and the paired adjacent tissues of cancer by IHC. The result showed that the expression of NRF3 in breast cancer tissues was inhibited severely, while was very abundant in corresponding non-tumor normal tissue ([Figure 5A](#F0005){ref-type="fig"}).Figure 5NRF3 was suppressed in breast cancer tissues and positively associated with the overall survival of breast cancer patients. (**A**) Immunohistochemistry (IHC) staining of NRF3 on breast cancer tissues and the paired adjacent tissues of cancer showing the difference of NRF3 expression between cancer tissues and normal tissues. The brown part indicated NRF3 positive. The representative data were shown from ten pairs of tissues. *P*: adjacent tissues of cancer. C: cancer tissues. (**B**) Representative images of immunohistochemistry staining of NRF3 for 144 patients' breast cancer tissues microarray showing NRF3 expression low in cancer tissues. '-' indicates the negative expression of NRF3. '+' indicates the degree of the positive expression level of NRF3 (**C**) Kaplan--Meier survival analysis between NFR3-positive and NRF3-negative breast cancer patients. N=99 in NRF3-negative breast cancer patients group. N=45 in NRF3-positive breast cancer patients group. *p*=0.0004.**Abbreviations:** NRF3, nuclear factor, Erythroid 2 Like 3; IHC, immunohistochemistry.

To further determine the clinical significance of NRF3 in breast cancer, we collected cancer tissues from 144 breast cancer patients to construct a tissue microarray for IHC. The result showed that 99 of them (68.7%) were negative, while only 45 of them (31.3%) were positive. As to those in the positive group, the expression of NRF3 was also extremely weak ([Figure 5B](#F0005){ref-type="fig"}). We next investigated whether the NRF3 could be used to predict patient prognosis. We examined the correlation between the patients' survival period and NRF3 expression by comparing the lifespan for these patients in the above two groups after diagnosed. Interestingly, Kaplan--Meier survival analysis showed the percentage of 10 years over survival for NFR3-positive breast cancer patients was almost 90%, while only nearly 50% for those NRF3-negative ([Figure 5C](#F0005){ref-type="fig"}).

Baseline characteristics were also compared between NRF3-positive and -negative patients (as shown in [Table 2](#T0002){ref-type="table"}). The NRF3-negative patients showed a higher rate of tumors with metastasis (*p*=0.0082) and higher stage (*p*=0.0365). However, NRF3 expression was not related to other clinical characteristics (as shown in [Table 2](#T0002){ref-type="table"}). Taken together, all these findings suggested the significant positive relationship between the NRF3 expression level and the overall survival of breast cancer patients probably through influencing cancer metastasis.Table 2Patient characteristics based on NRF3 expressionNRF3 negative (N=99)NRF3 positive (N=45)*P*-value**Age**51.5±12.5649.5±0.710.7448**Tumor size, n (%)**0.5124 \<3 cm34 (34%)18 (40%) ≥3 cm65 (66%)27(60%)**Lymph node status, n (%)**0.0082^＊＊^ Metastasis67(68%)20(44%) No Metastasis32(32%)25(56%)**Stage, n (%)**0.0365^＊^ I9 (9%)5(11%) II51(51%)32(71%) III39(40%)8(18%)**Histologic grade, n (%)**0.2235 I4(4%)1(2%) II73(74%)39(87%) III22(22%)5(11%)**ER, n (%)**0.5602 Negative38(38%)15(33%) Positive61(62%)30(67%)**PR, n (%)**0.1259 Negative51(52%)17(38%) Positive48(48%)28(62%)**HER2, n (%)**0.7697 Negative68(69%)32(71%) Positive31(31%)13(29%)**Subtype, n (%)**0.7745 TN15(15%)6(13%) Non-TN84(85%)39(87%)[^2]

Discussion {#S0005}
==========

It is well known that there is a tight connection between oxidant stress and inflammation, and the abnormality of them could finally contribute to the carcinogenesis of many cancer types including breast cancer.[@CIT0020] The [C]{.ul}ap "[n]{.ul}" [C]{.ul}ollar (CNC) proteins family, which mainly include NRF1, NRF2, and NRF3, play a critical role in the regulation of oxidant stress and multiple cancers development and progress.[@CIT0021] As a most intensively studied member, hundreds of publications have well defined the functions of NRF2 in multiple cancer types.[@CIT0022] However, little is known about the roles of its homologous gene NRF3 in cancer especially in breast cancer. To our best knowledge, this is the first study to evaluate the roles of NRF3 in human breast cancer.

At first, we first compared the NRF3 expression in three human breast cancer cell lines. Our data suggested that NRF3 was highly expressed in MCF-7 cells, while was less expressed in SKBR3 and MDA-MB-231 cells ([Figure 1A](#F0001){ref-type="fig"}). These finding implied NRF3 might be a tumor suppressor in human breast cancer, which is consistent with that NRF3 exerts a protection role against lymphomagenesis.[@CIT0012] Subsequently, lose and gain function experiments revealed that NRF3 could inhibit the cell proliferation by reducing the cell number in the G0/G1 phase, while increase the cell number in S and G2/M phase in MCF-7 cells ([Figure 1](#F0001){ref-type="fig"}C and D).

Furthermore, our data indicated that exogenous expression of NRF3 could significantly impair both migration and invasion abilities in SKBR3 and MDA-MB-231 cells ([Figure 2D](#F0002){ref-type="fig"} and [Figure 3A](#F0003){ref-type="fig"}), which was consistent with the data that NRF3 is negatively associated the metastasis statue of breast cancer ([Table 2](#T0002){ref-type="table"}). The invasive tumor cells must first alter cell-to-cell adhesion and the adhesion to the ECM[@CIT0018] EMT, a process for cell migration initiation, starts with the disintegration of cell--cell adhesion by losing epithelial markers, such as E-cadherin, and expressing mesenchymal markers, such as vimentin, play an indispensable role in cancer metastasis[@CIT0023] Therefore, we next tried to determine the role of NRF3 in the EMT of breast cancer cells. Interestingly, ectopic expression of NRF3 significantly inhibited the EMT of MDA-MB-231 cell by upregulating the expression of E-cadherin and downregulating the expression of vimentin and N-cadherin ([Figure 3C](#F0003){ref-type="fig"}). More importantly, exogenous expression of NRF3 also downregulated the expression of MMP-2 and MMP-9 and upregulated the expression of MMP inhibitor TIMP-2 in MDA-MB-231 cells ([Figure 3D](#F0003){ref-type="fig"}). All these findings suggested that NRF3 could cripple the migration and invasion abilities of breast cancer cells by inhibiting both the EMT process and the degradation of the ECM.

To look insight into the underlying mechanisms of anti-tumor effects of NRF3 in human breast cancer, RNA sequencing was performed to determine the mRNA expression profiling in MDA-MB-231 cell with NRF3 overexpressed. After validation using qPCR, we found ID3 (Inhibitor of DNA Binding 3, helix-loop-helix (HLH) Protein) may play an important role in NRF3 mediated anti-tumor functions ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). ID3 is a HLH protein that can form heterodimers with other HLH proteins,[@CIT0024] and Id protein family plays pivotal roles in distinct aspects of normal and malignant breast biology.[@CIT0025] In human breast cancer, ID3 is a potential target as it takes part in regulating multiple malignant behaviors including cell proliferation, apoptosis, and metastasis.[@CIT0019],[@CIT0026],[@CIT0027] Several researches have implied that ID3 located downstream of AKT signaling pathway and could be activated by the later in other cancer types such as glioma.[@CIT0028],[@CIT0029] Here, we also tried to confirm whether AKT signaling pathway was suppressed by NRF3. Interestingly, exogenous expression of NRF3 not only impaired the phosphorylation of AKT but also inhibited the downstream NF-κB p65 activation ([Figure 4C](#F0004){ref-type="fig"}). This finding was further validated by the data that LY294002 could reduce the ID3 expression ([Figure 4D](#F0004){ref-type="fig"}). More importantly, the ectopic expression of ID3 effectively downregulated the expression of E-cadherin and upregulated the expression of MMP-2 ([Figure 4E](#F0004){ref-type="fig"}). As expected, ID3 not only promoted the invasion potential but also attenuated the inhibitory effect of NRF3 on the cell invasion in MDA-MB-231 cells ([Figure 4F](#F0004){ref-type="fig"}). All these results supported that NRF3 might play its anti-tumor effect by inhibiting AKT/ID3 axis in human breast cancer.

Finally, the NRF3 expression in breast cancer and paracancerous specimens was compared, and the association between NRF3 expression and survival of breast cancer patients was also determined. We observed that NRF3 expression level was much high paracancerous specimens, but extremely weak in breast cancer tissues ([Figure 5A](#F0005){ref-type="fig"}). Similarly, NRF3 immunoreactivity detected as positive was only 31.3% in 144 breast cancer patients, and the positive signal was very weak in our study ([Figure 5B](#F0005){ref-type="fig"}). This finding is highly consistent with the results from the dataset The Human Protein Atlas. Furthermore, we have shown the poor survival for these patients negative in NRF3 immunoreactivity according to clinic information from postoperative follow-up and management ([Figure 5C](#F0005){ref-type="fig"}).

Conclusion {#S0006}
==========

In summary, NRF3 could inhibit the cell proliferation and metastasis of breast cancer cells through AKT/ID3 axis at least partially. Based on all our findings, we proposed that NRF3 was necessary for breast cancer metastasis suppression and potential to be a clinic marker in breast cancer prognosis.
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[^1]: **Abbreviations:** LGALS3BP, Galectin 3 Binding Protein; ANXA2, Annexin A2; EIF4A1, Eukaryotic Translation Initiation Factor 4A1; ALDOA, Aldolase, Fructose-Bisphosphate A; ID3, Inhibitor of DNA Binding 3; RPL18, Ribosomal Protein L18; RAB5A, Member RAS Oncogene Family; KRT18, Keratin 18; SERPINH1, Serpin Family H Member 1; SSR1, Signal Sequence Receptor Subunit 1.

[^2]: **Abbreviations:** ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor-2; TN, triple-negative.
